Introduction
Recent developments in biochemistry concern the design of new molecules that are able to bind and react with DNA, and the properties of which as drugs need to be tested. These new probes can provide a better understanding of the activity of many drugs and anticancer agents, and can be of help in developing new diagnostic tools.
Abstract:
The new bifunctional molecule 3,6-diamine-9-[6,6-bis(2-amino-A C H T U N G T R E N N U N G ethyl)-1,6-diaminohexyl]acridine (D), which is characterised by both an aromatic moiety and a separate metalcomplexing polyamine centre, has been synthesised. The characteristics of D and its Zn II complex ([ZnD]) (protonation and metal-complexing constants, optical properties and self-aggregation phenomena) have been analysed by means of NMR spectroscopy, potentiometric, spectrophotometric and spectrofluorimetric techniques. The equilibria and kinetics of the binding process of D and [ZnD] to calf thymus DNA have been investigated at I = 0.11 m (NaCl) and 298.1 K by using spectroscopic methods and the stopped-flow technique. Static measurements show biphasic behaviour for both D-DNA and [ZnD]-DNA systems; this reveals the occurrence of two different binding processes depending on the polymerto-dye molar ratio (P/D). The binding mode that occurs at low P/D values is interpreted in terms of external binding with a notable contribution from the polyamine residue. The binding mode at high P/D values corresponds to intercalation of the proflavine residue. Stopped-flow, circular dichroism and supercoiled-DNA unwinding experiments corroborate the proposed mechanism. Molecular-modelling studies support the intercalative process and evidence the influence of NH + ···O interactions between the protonated acridine nitrogen atom and the oxygen atoms of the polyanion; these interactions play a key role in determining the conformation of DNA adducts.
Keywords: DNA · kinetics · molecular modelling · proflavine derivatives · zinc Actually, the activity of many anticancer, antimalarial and antibacterical agents, and that of aromatic carcinogens finds its origin in intercalative interactions. [1] [2] [3] Acridines are a special class of compounds, not only because of their wide use in the pharmaceutical and dye industries, but also due to their interesting chemical and physical properties. [4, 5] They were the first chromophores the noncovalent interactions of which with DNA were extensively studied by exploiting their intense fluorescence, and their binding to double strands is almost universally interpreted according to intercalation. [6] [7] [8] [9] Numerous studies have shown that the intercalative process is much more complex than was previously thought, and it depends on the intercalating molecules structure. [10] In this context, bifunctional molecules that bear both an aromatic moiety and a separate metal-complexing centre appear to be of particular interest. [11] [12] [13] The aromatic residue provides an anchor for the molecule on the polymer chain by intercalation, whereas the metal centre might intercalate as well, or it might interact with the polymeric backbone thereby exerting its function. [14] Barton and co-workers [15] have synthesised special metallointercalators with diverse functions, from luminescent probes for DNA [16] to structural probes for RNA. [17] Other complexes have been designed to be able to recognise specific sites on DNA as base pair mismatches. [18] Moreover, metallointercalators that are able to promote the cleavage of the phosphodiester bond at a selected point of the chain length have been prepared. Platinum(II) complexes that have been appended to an aromatic residue are other special metal intercalators. Their possible anticancer activity has made them attractive synthetic targets. [10, 19, 20] The intercalative binding of these complexes to nucleic acids constitute a prerequisite for the consequent slow attack of Pt II on the base nitrogen atom. [21, 22] On the basis of the above-mentioned arguments, we found it interesting to synthesise a new fluorescent metallointercalator and to investigate its interaction with double-stranded calf thymus DNA. This molecule, 3,6-di-A C H T U N G T R E N N U N G amine-9-[6,6-bis(2-aminoethyl)-1,6-diaminohexyl]acridine, from now on denoted as D (dye) is characterised by a proflavine unit with a diethylenetriamine moiety that is able to chelate metal ions. A novel structural aspect of D is that the metal-binding site is linked to the C9 position of the acridine group instead of the N10 position, as is the case in similar metallointercalators. [21] Because the N10 atom of D is expected to be protonated at physiological pH in both the metal-free ligand and its metal complexes, we found it interesting to analyse the effect of a positively charged N10 ammonium group on the DNA-binding process. Actually, this ammonium group might be able to influence the interaction with DNA through the formation of electrostatic and hydrogen-bond interactions with oxygen atoms of the polyanion. Accordingly, the metal-complex-forming ability of D and the thermodynamic and kinetic features of the interaction of D and its Zn II complex with DNA have been investigated.
Results
Ligand protonation and Zn II complexation: It is known that acridine derivatives give rise to self-aggregation in aqueous solution with the formation of dimers, or larger oligomeric species at higher concentrations. [21, [23] [24] [25] [26] [27] [28] Because the aggregation process can interfere with all other equilibria, the ability of D and its Zn II complex to form aggregates was investigated first.
The 1 H NMR spectra in D 2 O that were recorded at different pH values and with D concentrations greater than 1 10 À3 m showed that in alkaline solutions (pH > 8.5), all resonances are split ( Figure 1 ). This second set of signals reflects the formation of a second equilibrium species that has the same symmetry as the parent one, and the interconversion of which is slow on the NMR timescale. 1 H NMR measurements performed with different ligand concentrations (0.01-0.001 m) and at different temperatures (298-328 K) showed that the abundance of the new species increases with increasing ligand concentration and decreases with increasing temperature, while an opposite trend was found for the other species. These data are in agreement with a dimeric new species that is in equilibrium with monomeric D. Molecules of D associate with one another and form p-stacking interactions between the heteroaromatic units; this is denoted by the significant upfield shift that is experienced by the acridine protons (d H1 Àd H1' = 0.096 ppm, d H2 Àd H2' = 0.046 ppm, d H3 Àd H3' = 0.042 ppm, pH 10, Figure 1 ). Furthermore the interconversion between the two species is reversible with respect to changes in pH, concentration and temperature.
To support the 1 H NMR information, we recorded UV/vis absorption spectra of D in aqueous solution (pH 10.5) in the concentration range of 1 10 À6 -1 10 À4 m; this showed that no self-association effects were observed under similar dilution conditions.
After taking these results into account, the proton-transfer reactions in aqueous solution were studied with a low dye concentration of [D] = 5 10 À4 m to avoid the formation of aggregates. Actually, attempts to determine the stoichiometry and stability constants of such aggregates were made by working at higher ligand concentrations, but no results were obtained at an acceptable level of confidence. The protonation constants that were determined by means of potentiometric titrations are reported in Table 1 . In the pH range investigated (pH 2.5-10.5), D behaves as a tetraprotic base, in spite of the high number of nitrogen atoms that could, in principle, undergo protonation.
To establish which nitrogen atom is protonated in each protonation stage, we recorded the Figure S1 ) showed that the first two protonation steps (logK = 10.21, 9.20) take place on the primary nitrogen atoms of the diethylenetriamine group, while the third (logK = 8.21) and the fourth (logK = 2.81) protonations involve the acridine nitrogen atom and the tertiary nitrogen atom of the diethylenetriamine group, respectively, according to the Scheme 1. Such protonation behaviour is in agreement with the greater basicity of aliphatic amines compared to aromatic ones, and with the general behaviour of aminoacridine. [29, 30] The involvement of the acridine nitrogen atom in the third protonation step was confirmed by the absorption and fluorescence emission spectra that were recorded at different pH values (Supporting Information, Figure S2 ).
Prior to complexation studies, the possible self-association of complex species was investigated by Figure S3 ), similar to that observed for the metalfree ligand, revealed the presence of a new complex species at pH values greater than 6, and at a complex concentrations of 5 10 À4 m or higher. The abundance of this species in solution increases with complex concentration and decreases with increasing temperature according to an equilibrium between monomeric and p-stacked dimeric species.
Speciation of all complexes was performed by means of potentiometric titrations, and it confirmed the dimeric nature of such species. Table 1 lists the equilibrium constants of all complexes. As shown by the distribution diagram reported in Figure 2, + ) prevail over all of the pH range. The dimeric species disappear at complex concentrations lower than 1 10 À4 m, and they become predominant as the concentration is increased. The absence of aggregates under similar dilution conditions was confirmed by the UV/vis absorption spectra of D, which was recorded in the concentration range 1 10
DNA-binding equilibria: On the basis of the previous results, appropriate concentrations of dyes (1 10 À5 m) and pH (pH 7 for D, pH 8 for [ZnD]) were selected to ensure the absence of dye aggregates in the solutions that were used to study the interaction of D and its Zn II complex with DNA. The interaction is revealed by changes in the fluorescence spectra that occur when increasing amounts of DNA are added to a dye solution.
A fluorescence emission study was performed with the metal-free ligand at pH 7, in which [H 3 D] 3 + is almost the unique species in solution. This showed a sharp decrease of the emission intensity upon the early additions of DNA to [HD]
[a] Values in parentheses are standard deviations on the last significant figure www.chemeurj.org D (phase 1) followed by an intensity increase (phase 2) and a shift of the emission maximum towards smaller wavelengths ( Figure 3 , top). Figure 3 (bottom) shows the fluorescence titration performed at I = 0.11 m, pH 7, l exc = 385 nm, l em = 500 nm and T = 298.1 K. The binding isotherm evidences the biphasic behaviour of the system, and reveals the occurrence of two different modes of interaction. The interaction of DNA with the Zn II complex of D has been investigated as well. The measurements were performed at pH 8 at which the complex [ZnD] 2 + is practically the only species in solution. The high stability constant of this species (Table 1) ensures that the complex is completely formed prior to reaction with DNA and that the metal ion is retained by D, thus the spectral changes observed after mixing the preformed complex with a solution of CT-DNA only reflect the occurrence of a polymer-dye binding reaction.
The spectral behaviour of the [ZnD]-DNA system (Supporting Information, Figure S4 ) is similar to that of the D-DNA system and the features of the binding isotherms evidence biphasic behaviour for this system as well.
From now on, we shall indicate the first branch of the titration curve (decrease of fluorescence) as binding mode 1 and the second branch of the curve (enhancement of fluorescence) as binding mode 2.
The binding process can be represented by the apparent reaction given in Equation (1) in which the dye (D) interacts with the DNA (P) to give the bound species (PD). The equilibrium constant of this reaction is defined as
To evaluate the binding parameters of the two binding modes, the two branches of the titration curves were analysed according to Equation (2) , in which C D and C P are the total dye and polymer concentrations respectively; DF = À6 m, C P in the range 0-1.75 10 À4 m, I = 0.11 m (NaCl), pH 7, 298.1 K, l exc = 385 nm. Top: Fluorescence spectra collected during titration; the spectral changes reveal the biphasic behaviour of the binding process. Bottom: Binding isotherm recorded at l em = 500 nm; the two phases, 1 and 2, are associated to two different binding modes.
the dye solution and Df = f PD Àf D is the amplitude.
The analysis of the branches of the titration curves allows us to evaluate K and Df for the two binding modes (K 1 , Df 1 and K 2 , Df 2 respectively). The values of K 1 and K 2 are collected in Table 2 . The quality of the fit is shown in Figure 3 (bottom), for which the continuous line is calculated by using Equation (2). Table 2 summarises the results.
Dye displacement assay:
To better understand the nature of the binding process, a fluorescent intercalator displacement assay [34] was applied to the D-DNA and [ZnD]-DNA systems by adding CT-DNA, which had been previously saturated with the intercalating cyanine dye (Cyan40), to samples of D or [ZnD] . The cyanine dye strongly interacts with DNA by intercalation, and in doing so hinders the penetration of further agents between base pairs. Moreover, its emission spectrum does not overlap with those of D and [ZnD] . The titrations show that binding mode 1 is still present, while the binding mode 2 is strongly reduced ( Figure 5 ). Table 3 reports the values of the ratio Df 2 /Df 1 between the amplitudes of binding mode 2 and binding mode 1 in the absence and in the presence of the cyanine. For the D-DNA system, the amplitudine ratio in the presence of cyanine is ten-times smaller than that found with DNA alone, whereas for the [ZnD]-DNA system this ratio is about four-times smaller.
Absorbance measurements: Absorbance titrations confirm the biphasic behaviour described above. Absorbance spectra of the D-DNA system were recorded during titrations, and showed that the absorbance first decreases (phase 1, which corresponds to binding mode 1) and then increases (phase 2, which corresponds to binding mode 2) and displays a bathochromic shift (Supporting Information, Figure (Figure 6c ) in that the positive band appears at longer wavelengths with respect to the negative one. [35] The shifts of spectra a) and b), with respect to c), along the wavelength axis depends on the position of the absorption band of proflavine, which is less energetic than the absorption bands of [31] 0.20 -2.0 [32] 0.24 -4.3 [33] (283 K) . Similarly, the higher amplitude of the proflavine band can be ascribed to the higher absorptivity of this dye. This finding is in agreement with the intercalative features of binding mode 2.
Unwinding measurements: To obtain further information on the DNA-binding mode, an unwinding assay was performed. Incubation of supercoiled DNA with topoisomerase I gives rise to relaxed DNA, and upon removal of the protein the relaxed state is maintained. In contrast, when an intercalating agent is present in the reaction mixture it alters the topological state of circular-closed DNA, and upon removal of both dye and enzyme, supercoiled DNA is suddenly regenerated. The magnitude of superhelicity is determined by the original amount of bound dye and the unwinding angle at the time of the enzymatic religation. [36] An example of a supercoiled-DNA unwinding experiment is reported in Figure 7 . The presence of a supercoiled plasmid is clearly evidenced starting from 1 mm of D or [ZnD] ; this confirms their ability to bind DNA through an intercalation mode. It is interesting to note that D and [ZnD] showed comparable efficiency in altering the enzyme-induced relaxation of the supercoiled plasmid; this suggests comparable stability of the intercalated complexes.
Kinetics: The kinetics of the interaction between D and DNA were investigated in a range of dye and polymer concentrations at which binding mode 2 is operative. Relaxation times (t) were measured under pseudo-first-order conditions (C P ! 10C D ) and kinetic traces were fitted by mono-exponential functions (Supporting Information, Figure S6 ). A plot of the reciprocal time constant (1/t) as a function of DNA concentration (C P ) shows that the kinetic effect is independent of the polynucleotide concentration (Figure 8 , top).
The [ZnD]-DNA system has been studied under analogous conditions. The analysis of the data reveals that also in this case the kinetics are independent of the DNA concentration (Figure 8 , bottom).
Molecular modelling:
The conformational analysis of the ligand molecule was carried out before the in silico investigation of its binding mode to the biological target. In particular the attention was focused on the [H 3 
D]
3 + species, which is predominant in aqueous solution at the pH value (pH 7) that was used for the binding studies. Analysis of the structural parameters of acridine molecules that had been functionalised with C ar -NH-C al groups (C ar and C al stand for aromatic and aliphatic C atoms, respectively) linked to the C9 position was carried out with the ConQuest [37] and VISTA programs [38] on the Cambridge Structural Database. [39] This showed mainly sp 2 character for this type of nitrogen atom, although a partial loss of conjugation between the nitrogen atom and the aromatic moiety was commonly found. The most frequent value for the C ar -C ar -NH-C al dihedral angle is about 208, which is usually correlated with a C ar -NH-C al bond angle ranging from 125-1358.
As a consequence, a N sp 2 atom type was assigned to this nitrogen atom, and both dihedral and angular values were constrained to the above-mentioned values.
Three conformers (Supporting Information), each from one of the most populated clusters, were selected to study the binding of [H 3 D] 3 + to the biological target. All the conformers had antiperiplanar torsional angles of the C 6 chain (trans conformation) and mainly differed from each other in the orientation of the diethylentriamine moiety with respect to the acridine plane, which was almost perpendicular in two of them, and almost coplanar in the third one.
The modelling study of the interaction between the ligand and the selected DNA decamers (see Experimental Section) was carried out by considering both the intercalative and non-intercalative binding modes and by investigating the interaction of the ligand with both the minor and major grooves of DNA. Moreover, a set of five characteristic basis sequences that featured 60 % CG and 40 % AT base-pair composition, analogous to that of CT-DNA, was considered.
By taking into account the different DNA sequences and the different interacting modes, several docking experiments of the three [H 3 D]
3 + conformers were planned and performed. Appropriate experimental settings and conditions were used to avoid effects on the docking results due to ligand interaction with the polymer ends. Furthermore, both CG and AT sites were considered for the intercalative binding mode. The DE energies for the different poses, namely the predicted adduct structures, which actually give rise to favourable interaction (Supporting Information, Table S1 ) were calculated according to Equation (3) .
Inspection of the DE values clearly evidences that the main binding mode for the considered P/D ratio should be intercalation. However, two different intercalative modes should be available, parallel and perpendicular, when the proflavine group intercalates in a parallel or perpendicular fashion to the base-pair hydrogen bonds. [40] In the parallel mode the intercalator interacts with both DNA filaments, while in the perpendicular mode only one filament is mostly involved in the p-stacking interaction.
The two intercalative binding modes are depicted in Figure 9 , which shows adducts obtained with the GCGCGCGCGC (left) and CGCGATATCG (right) sequences. Selected structural information (Table S2) 
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It should be noted that in the perpendicular binding mode, hydrogen-bond and electrostatic interactions are often present that involve the protonated acridine nitrogen and oxygen atoms of the polymer. On the other hand, the polyamine chain, which is accommodated in the major or in the minor groove of the different adducts, contributes to the overall stability through the formation of one or two hydrogen-bond contacts with the phosphate groups.
Several adducts that are derived from nonintercalative binding were also predicted by the molecular-modelling calculations. As an example, Figure 10 shows the adduct that was obtained for the CGCGATATCG sequence (Supporting Information, Tables S1 and S2) in which the protonated ligand lies in the major groove. The adduct is stabilised by hydrogen-bond interactions with the phosphate oxygen of the polyanion that involved both protonated acridine and aliphatic A C H T U N G T R E N N U N G nitrogens, and by a CH···p interaction between a T base and the acridine ligand moiety (CH 3 ···C mean distance = 3.9 ).
Discussion
Self-aggregation of acridine orange, [23] proflavine and other similar dyes [24] was shown to produce modifications of the electronic absorption spectra of the monomeric species that were interpreted by assuming the formation of dimers in solutions at low concentration, as the principal species in equilibrium with the monomeric forms. Accordingly, it seems reasonable that the unique oligomeric species that is formed by D under our experimental conditions is a dimer, which is in agreement with the 1 H NMR spectroscopy data. Unfortunately, in the case of D, absorption spectra cannot be used to analyse the nature of the aggregate, because, as shown by 1 H NMR measurements, the formation of this species takes place at concentrations greater than 1 10 À3 m of D; this concentration range corresponds to absorbance values that are not suitable for binding studies. In the case of the Zn II complex, although similar problems were found in the analysis of self-aggregation by means of absorption spectra, potentiometric measurements make it possible to establish the dimeric nature of the aggregates and determine their formation constants (Table 1) . The analysis of the 1 H NMR spectra of the aggregates furnishes some indications about the relative orientation of the adjacent molecules in these aggregates. In the case of the metal-free ligand, the acridine protons and the proton of the hydrogen atom H4, which is linked to the carbon atom in the proximity of the acridine group, are subjected to the shielding effect of the aromatic p-clouds, as denoted by the significant upfield shift of the corresponding Figure 11 . This shows a D dimer in which two face-to-face p-stacked molecules, disposed in a head-to-tail mode, have the centres of the adjacent aromatic rings laterally displaced towards H1 and H4. Such an arrangement would cause the chelating hanging groups to be located in the deshielding zone of the aromatic systems, which is in agreement with the downfield shift that is experienced by the relevant 1 H NMR signals in the aggregate with respect to the monomeric molecule (Figure 1 ). Similar considerations can be made for the Zn II complex of D, the aggregation mode of which is probably quite similar to that of the metal-free ligand.
Analogous interaction modes were also reported for proflavine, [41] acridine orange [21, 42] and acridine orange derivatives. [26, 43] This study has shown that the bifunctional molecule D and its Zn II complex ([ZnD]) interact with double-stranded DNA, to form stable complexes. Static measurements clear- 
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ly show a biphasic behaviour for both systems, which reveals the occurrence of two different modes of binding. The decrease of fluorescence emission and absorbance signals, observed for the first branch of titrations (binding mode 1), persists varying the ionic strength. The values of K 1 related to this mode of binding are two orders of magnitude higher than those expected for intercalation reactions in spite of the fact that the approximation made in Equation (2) ([P] = C P ) would cause K 1 to be underestimated.
One can note that the values of K 1 for both D-DNA and [ZnD]-DNA systems display a slight ionic-strength dependence, possibly due to charge effects. [44] The major difference between the two systems lies in the fact that the affinity of [ZnD] for DNA is near four times greater than that of D; this suggests that, in binding mode 1, the residue that contains the zinc ion plays an important role.
The enhancement of fluorescence emission and the observed red shift of the absorbance spectra during the second part of the titrations (binding mode 2) indicate a base-dye interaction. The values of the related binding constant, K 2 , are close to the value that was measured for the DNA-proflavine system (Table 2) , which is known to bind doublestranded nucleic acids by intercalation. [31] [32] [33] 2 + ]), respectively, the slopes of log K versus Àlog A C H T U N G T R E N N U N G [Na + ] plots could be much higher (ffi3 and ffi2). The lower values that were obtained suggest that not the entire molecule, but only the proflavine residue takes part in binding mode 2. Actually, the charge of this residue is + 1 for D and smaller than 1 for [ZnD] . For these reasons we suggest that binding mode 2 corresponds to the intercalation of the aromatic residue into DNA, whereas the first part of titration (binding mode 1) is related to the formation of an external complex between the dye and DNA.
The dye displacement assay shows for both systems that upon the addition of DNA saturated with an intercalating dye, the first binding stage still remains whereas the second one is suppressed ( Figure 5 ). This behaviour indicates that D is not able to push the intercalated dye out of the nucleotide cavities, otherwise a fluorescence increase would be observed at the wavelength of 500 nm at which only the D-DNA complex, which is formed according to binding mode 2, is fluorescent. Because it is demonstrated that Cyan40 is intercalated between the base pairs of DNA, [45] the binding mode 2 necessarily should correspond to an intercalative process. This hypothesis was confirmed by the unwinding assay as well as by CD experiments. Similar considerations can be applied to the [ZnD]-DNA system.
The observation that the first branch of the titration curves is not influenced by the presence of cyanine intercalated into DNA suggests that in binding mode 1 the interaction between the dye and DNA occurs externally to the DNA cavities, with the polyamine residue possibly lying along the grooves of the nucleic acids. The calculated model depicted in Figure 10 could provide a general idea of this type of non-intercalative interaction, although it is not representative of the specific structural features of D-DNA adducts formed under the conditions of binding mode 1 (low dye-to-DNA molar ratios).
The kinetics of D and [ZnD]-binding to DNA according to binding mode 2 show that the values of the time constants of the two systems are similar; this suggests that the rate-determining step involves a residue common to both dyes, that is, the proflavine residue. This is in agreement with the comparable binding constant that is observed in the presence/absence of the metal ion for the second equilibrium, which gives rise to comparable efficiency in DNA unwinding. The values of the rate constants are an order of magnitude lower than the value expected for diffusion-controlled reactions, [46] this fact confirms that the binding process, which is represented by the apparent reaction (1), is not a simple one, but is composed of at least two steps.
The kinetic features of binding mode 2 could be rationalised on the basis of the reaction Equation (4), in which P À D is a bound form that is different from the intercalate PD int . According to Equation (4) the kinetic data could be fitted to Equation (5) PþD G
If K ex C P @ 1, it turns out that 1/t = (k 1 +k À1 ) and its concentration dependence could not be observed.
Structural information on the adducts that were formed with DNA were obtained by means of modelling studies that were performed with DNA sequences (decamers), which are representative of the calf thymus DNA base-pair composition. A 1:1 decamer/D molar ratio was adopted that corresponds to the range of concentration at which the binding mode 2 was observed. By taking into account the similar behaviour of D and [ZnD] in DNA-binding mode 2, only modelling studies based on D were performed.
The proton localisation that was determined for [H 3 D]
3 + by means of 1 H NMR measurements in solution (Scheme 1) was used in both a preliminary conformational search and in docking procedures, by assuming that no changes occur upon interaction with DNA.
As previously reported, the nitrogen atom of the C ar ÀNHÀC al linkage has mostly a sp 2 character, and therefore it should have neither hydrogen-bond acceptor properties nor donor ability towards metal ions. Actually, similar binding processes are found in both D-DNA and ZnD-DNA systems, in agreement with the fact that the C ar À NH À C al group is not involved in metal coordination.
The analysis of modelling results (see Supporting Information, Tables S1 and S2) shows that intercalation is the preferred binding mode, in agreement with the solution results obtained for the binding mode 2 with calf thymus DNA and with literature data on other acridine-type compounds. [47] Intercalative binding involves both AT and CG base pairs, even if CG sequences seem to be preferred to AT ones. Most likely, in the case of the polyA-polyT sequence, major-groove binding should occur also.
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Inspection of the geometrical features of the calculated adducts reveals that both parallel and perpendicular stacking modes (Figure 9) should occur in the D-DNA system, the perpendicular one is favoured by additional NH + ···O interactions between the protonated acridine nitrogen atom and the oxygen atoms of the polyanion.
The perpendicular stacking with acridine-type compounds is rather surprising, because they are usually reported as parallel base-stacking intercalators. [47] For instance, the acridine-type drug 9-amino-DACA, which interacts with DNA in its protonated form, behaves as a parallel bis-intercalator. [48] However, it is worth noting that in the case of 9-amino-DACA an intramolecular hydrogen bond that involves the protonated heteroaromatic nitrogen of the drug avoids the formation of hydrogen-bond and/or salt-bridge interactions with the biological target. This is not the case of [H 3 D] 3 + , which forms additional NH + ···O interactions in several D-DNA species, which enhance the stability of perpendicular adducts.
Nevertheless, the perpendicular intercalation mode has been proposed for several intercalators such as doxorubicin and daunomycin [49] as well as for acridines [50, 51] for which it was denoted as a half-intercalation. According to this model, the dye intercalates between two adjacent bases of one of the two strands, while the positive charge interacts electrostatically with the phosphate groups of the DNA backbone. [52, 53] 
Conclusion
The new proflavine-based ligand that contains a hanging chelating diethyelentriamine moiety and its Zn II complex bind to calf thymus DNA according to a biphasic behaviour that is defined by two different binding modes depending on the polymer-to-dye molar ratio (P/D); the ligand forms complexes of considerable stability. At relatively low P/D values, both the metal-free ligand and its Zn II complex associate with DNA externally to the base pairs; the principal involvement comes from the polyamine moiety. The presence of the metal ion leads to a fourfold increase of the dye affinity for the polymer. On the other hand, at high P/D values the interaction takes place through intercalation of the proflavine residue between base pairs; significant effects are not derived from the presence of Zn II . Molecular-modelling calculations were performed with appropriate base pair sequences and showed that the intercalative binding should be more favourable when the CG base pairs are involved, even if intercalation between AT base pairs also leads to stable complexes. Most likely, in the case of the AT sequence, significant groove binding also occurs.
In contrast with the common behaviour of base-stacking intercalators, modelling calculations indicate that the intercalative binding of the present dye should mostly involve only one filament of the double helix (Figure 9, right) , probably due to NH + ···O interactions between the protonated acridine nitrogen and the oxygen atoms of the polyanion. Most likely this peculiar binding feature is favoured by the structure of the intercalator, which was designed with the intention of inserting the chelating hanging group onto the C9 atom of acridine in order to allow the N10 atom to project towards the polymer chain. These results may help in the design of new intercalators in support of improved DNA-binding processes.
Experimental Section
General details: Stock solutions of D (2 10 À3 m) were prepared by dissolving weighed amounts of the solid in pure DMSO, and were kept in the dark at 255 K. Working solutions were obtained by diluting the stocks to such a level that the DMSO content could be neglected, and were used shortly after preparation. A solid sample of Cyan40 [54] was provided by Prof. S. Yarmoluk and the relevant stock solution was prepared as described for D.
Calf thymus DNA was purchased from Pharmacia Biotech (Uppsala, Sweden), in the form of the lyophilised sodium salt, dissolved into water and sonicated as described below. Stock solutions were standardised spectrophotometrically, by using e = 13 200 mol À1 dm 3 cm À1 at 260 nm, I = 0.1 m (NaCl), pH 7 as obtained from the sample certificate. The polynucleotide concentrations are expressed in molarity of base pairs and are indicated as C P . Sodium chloride was used to adjust the ionic strength, and sodium cacodylate (1 10 À2 m) was employed to keep the pH of the solutions to the desired value.
The D-DNA system was studied at pH 7.0 and the [ZnD]-DNA system at pH 8.0. All solutions were prepared with double-distilled water, which was also used as the reaction medium.
DNA sonication was carried out by using an MSE-Soniprep sonicator (Sanyo Gallenkamp, Leicestershire, UK), by applying seven repeated cycles of 10 s sonication and 20 s pause to a DNA sample (10 mL of CT-DNA % 2 10 À3 m), at an amplitude of 14 mm. The sonicator tip was introduced directly into the solution; this solution was kept in an ice bath to minimise thermal effects due to sonication. Agarose gel electrophoresis tests indicated that the polymer length was reduced to about 800 basepairs. 1 H and 13 C NMR spectra were recorded at 298 K on a Varian Unity 300 MHz instrument. In 1 H NMR spectra peak positions are reported relative to HOD at d = 4.75 ppm (D 2 O) or to TMS (CD 3 OD, CDCl 3 ), while in 13 C spectra peak positions are reported relative to 1,4-dioxane at d = 67.2 ppm (D 2 O) or TMS (CD 3 OD, CDCl 3 ). In the pH-metric titrations, small amounts of 0.01 m NaOD or DCl were added to adjust the pD. The pH was calculated from the measured pD value by using the relationship pH = pDÀ0.40. [55] ESI mass spectra were performed with a ESI Mass TSQ 700 FINNIN-GAM by using the free ligand D, which was obtained by extraction in chloroform of an aqueous alkaline solution prepared from D·4 HBr·EtOH.
Synthesis of ligand (N
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-{6-[bis(2-aminoethyl)amino]hexyl}-acridine-3,6,9-triamine) (D): Ligand D was obtained as a hydrobromide salt (D·4HBr), according to the reaction sequence shown in Scheme 2. Compound 5 was prepared by a reported method. [56] Synthesis of tert-butyl (6-aminohexyl)carbamate (2): Boc 2 O (31.6 g, 0.145 mol) was added in small portions to a solution of 1,6-diaminohexane (50.5 g, 0.43 mol) in CH 2 Cl 2 (350 mL) at 0 8C (water/ice bath). The mixture was maintained overnight at room temperature, then chloroform (375 mL) was added and the resulting solution was washed twice with a 5 % Na 2 CO 3 aqueous solution (750 mL). The organic phase was dried over anhydrous Na 2 SO 4 and the solvent was removed under reduced pressure to obtain a sticky residue, which was dissolved in 1 m HCl solution (50 mL) and washed three times with diethyl ether (50 mL). The resulting aqueous solution was alkalinised by the addition of 2 m NaOH (4): CF 3 COOH (150 mL) was added dropwise to a solution of 3 (7.35 g, 0.012 mol) in CH 2 Cl 2 (120 mL) at 0 8C (water/ice bath). The resulting solution was maintained at room temperature for 24 h, then cooled in a water/ice bath and alkalinised by the addition of 2 m NaOH (660 mL). The organic phase was separated, and the aqueous phase was extracted with CH 2 Cl 2 (3 200 mL). The organic solutions were combined and dried over anhydrous Na 2 SO 4 . The solvent was then eliminated by evaporation under reduced pressure to obtain compound 4, as a sticky yellow oil, in quantitative yield. 1 ]) that were employed for the determination of equilibrium constants were carried out in 0.1 m NMe 4 Cl solutions at 298.1 AE 0.1 K, by using equipment and methodology already described. [57] The combined Hamilton glass electrode (LIQ-GLASS 238000/08) was calibrated as a hydrogen concentration probe by titrating known amounts of HCl with CO 2 -free NaOH solutions and by determining the equivalent point by Grans method [58] which allows one to determine the standard potential, E o , and the ionic product of water (pK w = 13.83(1) at 298.1 K in 0.1 m NMe 4 Cl). At least three measurements were performed for each system in the pH ranges 2.5-10.5. In ligand protonation experiments, the concentration of ligand C D was 5 10 À4 m. In complexation experiments the conScheme 2. Reaction sequence for the synthesis of D.
www.chemeurj.org centration of D was varied in the range 1 10 À4 -1 10 À3 m, while the concentration of Zn II was C D C ZnII 2C D . The computer program HYPER-QUAD [59] was used to calculate the equilibrium constants from the electromotive force data. Fluorescence titrations of DNA samples were performed at l exc = 385 nm and l em = 480 or 500 nm by using the procedure above described.
Circular dichroism spectra were recorded on a Jasco J710 spectropolarimeter (Easton, MD, USA).
Kinetic measurements: The kinetic measurements were carried out on a Biologic SFM 300 stopped-flow mixing unit coupled to a spectrophotometric line by two optical guides. A blue laser diode (l = 405 nm, 1 mW) was used as a light source. The radiation was passed through a Bausch and Lomb 338875 high-intensity monochromator and then split into two beams. The reference beam was sent directly to a 1P28 photomultiplier. The measuring beam was sent through an optical quartz guide to the observation chamber and then, through a second optical guide, to the measuring photomultiplier, which was also IP28. The output from the two photomultipliers was balanced before each shot. The stopped-flow apparatus is able to measure absorbance and/or fluorescence changes, but only the fluorescence detection mode was employed. The acquisition system keeps a record of a number of data points ranging from 10-8000 with sampling intervals ranging from 50 ms-10 s. Each experiment was repeated at least ten times, and the relaxation curves obtained were averaged by an accumulation procedure. All measurements were carried out under pseudo-first-order conditions.
Unwinding measurements: Supercoiled pBR322 DNA (0.15 mg) was incubated with 1 U of topoisomerase I (Invitrogen) in Tris HCl (50 mm), pH 7.5, KCl (50 mm), MgCl 2 (10 mm), DTT (0.5 mm), EDTA (100 mm), BSA (30 mg mL À1 ) in the presence/absence of increasing concentrations of D or [ZnD] . After overnight incubation at 310 K, NaCl was added to the samples to a final concentration of 0.15 m and, the samples were extracted with an equal volume of 1:1 PhOH/CHCl 3 that was buffered to pH 7.5 with Tris HCl (50 mm), to eliminate both the dye and protein. The aqueous phase was loaded on 1 % agarose gel, and run in TAE (40 mm Tris, 18 mm acetic acid, 1 mm EDTA). The reaction products were visualised by ethidium bromide staining.
Molecular modelling:
Computations were performed on AMD 1 GHz and Intel P4 3 GHz computers running Linux.
The conformational search was performed by using the simulated annealing (SA) procedure contained in MacroModel version 8.5, [60] by using the MMFF force field (FF) and the atomic partial charges from FF. The settings of the molecular dynamic simulation were as follow: running temperature: T = 400 K; heating, running and cooling time: 5 ps; time step: 1.5 fs. 100 Energy-minimised conformers were obtained and collected in cluster by using an "in house"-developed routine that was written in Visual Basic programming language version 6.0 (Microsoft Corporation). The routine groups molecules on the basis of the root mean square (RMS) value of the distance between atoms (RMS 0.9 ).
DNA decamers in the B-form were built by using the Builder module in Maestro version 7.5 [61] for all the following sequences: ATATATATAT, GCGCGCGCGC, ATCGCGCGAT, CGCGATATCG, CGATCGATCG. Intercalation sites of CG and/or AT types were conveniently built in the centre of the decamers for each DNA sequence. Docking calculations were performed by using the Glide program. [62] Default input parameters were used in all computations (no scaling factor for the vdW radii of nonpolar DNA atoms, 0.8 scaling factor for nonpolar ligand atoms). The grids for the docking (20 edges for the enclosing box) were centred on the centroid of the appropriate residues, and were chosen according to the intercalative and non-intercalative binding modes.
Upon completion of each docking calculation, twenty poses per ligand were saved. The overall sixty conformers that were obtained for H 3 D 3 + were clustered on the basis of the position that was assumed with respect to the DNA double helix and were ranked according to the glide score. The top-ranked conformer per cluster was selected. The DNA-ligand complexes were submitted to a minimisation with Impact v. 4.0, [63] OPLS2005 force-field-based conjugate gradient minimisation routine (atomic charges from the FF, maximum number of minimisation cycle: 5000; energy change criterion: 0.01 kcal mol À1 À1 ; gradient criterion: 0.01). Continuum representation of the solvent have been used by means of the Poisson-Boltzmann solver equation. [64] 
